The Schizosaccharomyces pombe homologue of Mre11, Rad32, is required for repair of UV-and ionising radiation-induced DNA damage and meiotic recombination. In this study we have investigated the role of Rad32 and other DNA damage response proteins in non-homologous end joining (NHEJ) and telomere length maintenance in S.pombe. We show that NHEJ in S.pombe occurs by an error-prone mechanism, in contrast to the accurate repair observed in Saccharomyces cerevisiae. Deletion of the rad32 gene results in a modest reduction in NHEJ activity and the remaining repair events that occur are accurate. Mutations in two of the phosphoesterase motifs in Rad32 have no effect on the efficiency or accuracy of end joining, suggesting that the role of Rad32 protein may be to recruit another nuclease(s) for processing during the end joining reaction. We also analysed NHEJ in other DNA damage response mutants and showed that the checkpoint mutant rad3-d and two recombination mutants defective in rhp51 and rhp54 (homologues of S.cerevisiae RAD51 and RAD54, respectively) are not affected. However disruption of rad22, rqh1 and rhp9/crb2 (homologues of the S.cerevisiae RAD52, SGS1 and RAD9 genes) resulted in increased NHEJ activity. Telomere lengths in the rad32, rhp9 and rqh1 null alleles were reduced to varying extents intermediate between the lengths observed in wild-type and rad3 null cells.
INTRODUCTION
DNA double-strand breaks (DSBs) can arise following exposure to ionising radiation or as intermediates in various cellular processes such as replication or recombination. They constitute a serious threat to cell viability and must be repaired if cells are to survive and retain an intact genome. Organisms have therefore evolved a number of mechanisms for the repair of DSBs. The two major mechanisms for this are homologous recombination, where the break is repaired by recombination between homologous sequences (e.g. between homologous chromosomes or sister chromatids) and non-homologous end joining (NHEJ), also called illegitimate recombination, where little or no homology is required to join the ends of the DNA. Several mechanisms for NHEJ have been identified and these include one involving accurate repair of DSBs which results in no loss of sequence information and two error-prone processes, one of which involves single-strand annealing (SSA) requiring a minimum of 60-90 bp homology at the junction (1, 2) , while the other involves the creation of deletions or insertions through a process involving microhomologies at the junction (3) (4) (5) .
In the budding yeast, Saccharomyces cerevisiae, repair of DSBs by homologous recombination is much more frequent than repair by NHEJ (reviewed in 6). In this organism, homologous recombination has been shown to require the products of the RAD52 epistasis group of genes, while NHEJ involves only a subset of this group. Thus, NHEJ requires RAD50, MRE11 and XRS2 (7, 8) as well as the YKU70/HDF1 and YKU80 genes (9) (10) (11) (12) and LIG4 (which encodes DNA ligase IV; 13) but not RAD51 and RAD52 (7, 14) . The YKU70/HDF1 and YKU80 genes, the S.cerevisiae homologues of the mammalian ku70 and ku80 genes, are required for the precise joining of complementary DNA ends (10) (11) (12) . However, in strains deleted for the RAD50 and MRE11 genes the repair of complementary 5'-overhanging DNA ends that does occur is accurate, though the overall level of DSB repair is reduced substantially (8) .
In vertebrates, in contrast to the situation in S.cerevisiae, the predominant mechanism for repairing DSBs is that of NHEJ. It has been shown both by introduction of linear DNA into cells and by the use of cell-free extracts that, as in S.cerevisiae, complementary DNA ends are generally repaired accurately with no loss of sequence information and that non-complementary ends may also be rejoined accurately, by filling-in and blunt end ligation (15, 16) or through a mechanism involving annealing at regions of microhomology (17) . Some of the proteins required for NHEJ in mammals have been identified through the analysis of mutants sensitive to ionising radiation, which comprise four complementation groups (XRCC4-7). The proteins defective in these mutant cell lines are the XRCC4 protein, which interacts with DNA ligase IV (18, 19) , and the components of DNA-dependent protein kinase (DNA-PK), i.e. the catalytic subunit DNA-PK cs and a DNA-binding component consisting of Ku70 and Ku80 (reviewed in 20, 21) . Additionally, DNA ligase IV has also been shown to be required in vitro (18) . Human homologues of Mre11, Rad50 and Xrs2 (the hMre11, hRad50 and the NBS1 gene products, respectively) have also been identified and shown to act together in a complex (22) . This complex is proposed to have a role not only in the repair of DSBs, but also in linking repair to the cellular DNA damage response via cell cycle checkpoint functions (22, 23) . The importance of the complex is attested to by the fact that mutation of the NBS1 gene is responsible for the chromosomal instability syndrome Nijmegen breakage syndrome (22, 23) .
The fission yeast, Schizosaccharomyces pombe, provides a good model system in which to study NHEJ as it has more illegitimate recombination than does S.cerevisiae and may therefore be closer to the mammalian system. A number of recombination-defective mutants have been identified in the fission yeast but these have not been characterised as extensively as the S.cerevisiae mutants. Cloning of S.pombe recombination genes either by complementation of mutant phenotypes or by homology to S.cerevisiae sequences has led to the identification of several genes with high sequence identity to recombination genes in S.cerevisiae and other organisms. These include the S.pombe rad22, rad32, rhp51 and rhp54 genes, which are structurally related to S.cerevisiae RAD52, MRE11, RAD51 and RAD54, respectively (24) (25) (26) (27) . Despite the structural similarities there are noticeable differences in the functions of some of these proteins. For example, rad22, rad32, rhp51 and rhp54 mutants are sensitive to both UV and ionising radiation, unlike their S.cerevisiae counterparts, which are sensitive solely to ionising radiation (6) , reflecting the fact that in S.pombe the genes, as well as being required for repair of damage due to ionising radiation, are required for DNA damage responses to UV light (28) (29) (30) . Other differences between the functions of these genes in S.pombe and S.cerevisiae have been detected from analysis of homologous recombination in rhp51, rhp54 and rad22 mutants. These studies have suggested that the functions of Rhp51 and Rhp54 in damage repair and recombination resemble the roles of Rad51 and Rad54 in S.cerevisiae, but that compared with S.cerevisiae Rad52, Rad22 has a much less prominent role in the recombinational repair pathway in S.pombe (31, 32) .
Several proteins required for NHEJ, in particular Yku70, Yku80, Rad50, Mre11 and Xrs2, have been shown to have a role in telomere length maintenance (8, 11, 33) . Deletion of any of these genes in S.cerevisiae results in telomere shortening and in some cases senescence (8, 33) . Telomeres protect chromosome ends from degradation and from recombination with other chromosomes as well as allowing their complete replication without loss of sequence information. Failure to maintain telomeres can result in cell senescence and cell death.
We have previously shown that the S.pombe homologue of Mre11, the Rad32 protein, is required for meiotic recombination and the repair of UV-and ionising radiation-induced DNA damage (27) . The Rad32 protein is phosphorylated in a cell cycle-dependent manner and contains phosphoesterase motifs essential for response to DNA damage (34) . Here we describe an analysis of the function of the Rad32 protein in NHEJ and telomere length maintenance and compare its role with those of other DNA damage response proteins in the same processes.
MATERIALS AND METHODS

Yeast strains, plasmids and media
The S.pombe strains used in this study are detailed in Table 1 . Procedures for routine growth and maintenance of S.pombe strains were as reported in our previous work (35) . The telomerecontaining probe was excised as a 1.9 kb ApaI fragment from the plasmid pEN42 (40) .
Plasmid repair assays
The plasmid used for the NHEJ assays, pAL19, is based on pUC19 and contains a multiple cloning site within the Escherichia coli lacz gene and was a gift from A. Carr (41) . pAL19 was digested with the appropriate enzyme and the linear fragment extracted from a 0.8% low melting point gel to ensure that it was free from contamination by supercoiled or open circle DNA. Uncut DNA for use as a control was also gel purified in this manner to allow comparison of the transformation frequencies. The DNA was then used in parallel transformations using a modification of the lithium acetate transformation procedure for S.cerevisiae (42) . Plasmids were recovered from S.pombe transformants using the method described by Moreno et al. (43) followed by purification on Wizard miniprep columns according to the manufacturer's instructions and used to transform the E.coli strain DH5α. At least two different plasmid preparations were used for the analysis of transformation efficiencies and junction sequence determination.
RESULTS
Establishment of a plasmid repair assay for use in S.pombe
In vivo plasmid repair assays have been used successfully in S.cerevisiae to investigate NHEJ mechanisms for the repair of DNA DSBs and to identify the proteins involved. To investigate the requirements for NHEJ in S.pombe we first needed to establish a plasmid repair assay for use in this organism. We employed pAL19, a S.pombe/E.coli shuttle vector based on pUC19 (41) , which contains a multiple cloning site within the E.coli lacz gene and which provides suitable restriction enzyme sites within a region with no homology to S.pombe chromosomal sequences. We initially analysed the effect of different types of DNA ends on the transformation frequency of wild-type cells using this assay. Table 2 indicates that linear DNA is generally as efficient at transforming wild-type S.pombe cells as is the uncut DNA and is similar to what has previously been reported by Goedecke et al. (44) . Interestingly, there is only a slight reduction in transformation efficiency with blunt-ended DNA, in contrast to the low transformation efficiencies with blunt-ended DNA that are observed in S.cerevisiae (11) . These results suggest that the two yeasts may have different mechanisms for repairing or protecting blunt ends of DNA.
Plasmid repair in wild-type cells occurs mainly by the formation of deletions
We wished to determine how the DNA ends were being rejoined. Plasmids were therefore extracted from S.pombe transformants obtained using pAL19 containing 5'-overhanging termini (produced by digestion with EcoRI) and amplified in the E.coli strain DH5α. The DNA was then analysed for ability to be digested by EcoRI and HindIII and by DNA sequencing (Tables 3 and 4 ). Of the 13 plasmids analysed, none was digested by EcoRI, while all were digested by HindIII, indicating loss of the EcoRI site in all 13 plasmids. When sequenced these plasmids were found to contain deletions of 2-22 nt (Tables 3  and 4) .
Repair of plasmids with cohesive 5'-termini is altered in the rad32 null allele
Among the genes identified as having a role in the repair of linear plasmids in S.cerevisiae is MRE11, which is the homologue of the S.pombe rad32 gene (27, 45) . We have previously shown that rad32 is required for repair of DNA strand breaks following exposure to ionising radiation (27) and were interested to determine whether it also has a role in repair of linear plasmids or illegitimate recombination. As shown in Table 5 , the rad32 null allele displays a moderate reduction (to~35% of the wild-type level) in ability to repair EcoRI-digested plasmid. All plasmids rescued from rad32-d transformants obtained with EcoRI-digested DNA were digested by both EcoRI and HindIII to produce a single DNA fragment of the size expected for a linear monomer (Table 3) . Further analysis by DNA sequencing of the junction sequences indicated no change in the sequence surrounding the EcoRI site (Table 3) . These results indicate that repair of DNA bearing cohesive 5'-termini in rad32-d cells involves no loss of DNA sequence at the break, in marked contrast to the deletions observed in wildtype cells.
Analysis of repair of plasmids with cohesive or blunt 3'-termini in the rad32 null allele
To determine whether the accuracy of repair shown by the rad32 null allele is restricted to 5'-overhangs, we compared the abilities of wild-type and rad32-d cells to repair 3'-overhangs (generated by PstI) and blunt ends (generated by SmaI). As was seen with EcoRI-digested DNA, there were reductions in the transformation efficiencies of the rad32-d strain with both PstI-and SmaI-digested DNA compared to wild-type levels (data not shown). Analysis of junction sequences indicates that in wild-type cells repair of both 3'-overhangs and blunt ends results in deletions (Table 3 ). In rad32-d cells, repair of 3'-overhangs also results in deletions, however, analysis of the repair of blunt ends indicated that in all cases there was no end processing and religation was error free (Table 3) .
Mutations in the phosphoesterase motifs in Rad32 do not affect NHEJ
We have previously shown that Rad32 contains phosphoesterase motifs which are required for the repair of DSBs following exposure to ionising radiation and for the response to UV (34) . We therefore investigated whether these motifs are required for NHEJ, through the analysis of rad32-D25N and rad32-D135N, which contain mutations in phosphoesterase motifs I and III, respectively (34) . Transformation efficiencies of the two mutants with EcoRI-digested DNA were similar to those observed in wild-type cells (Table 5) . In all cases, plasmids rescued from the phosphoesterase mutants displayed inaccurate repair as in wild-type cells, but in contrast to the accurate repair observed in the rad32 null allele (data not shown). 
Plasmid repair is also affected in other recombination and DNA damage-tolerant mutants
To determine whether the effects seen in the rad32-d null allele were observed in other S.pombe mutants defective in recombination, the DNA structure-dependent checkpoint or other aspects of the DNA damage response we analysed plasmid repair in a range of other mutants. Mutants deleted for rad3 (required for the DNA structure-dependent checkpoint; 38) and rad8 (a member of the SNF2 gene family; 37) were not affected in the ability to rejoin 5'-overhanging ends as measured by relative transformation efficiencies with EcoRI-digested DNA (Table 5 ) and by sequence analysis of junctions (data not shown).
We next analysed NHEJ in the recombination mutants rhp51-d, rhp54-d and rad22-d. rhp51-d and rhp54-d have no defect, while rad22-d cells display an increased ability to repair 5'-overhanging ends (Table 5) . We extended these studies to include rhp9-d (defective in the DNA damage checkpoint and recovery from S phase arrest; 39,46) and rqh1-d (defective in DNA damage tolerance; 30) and observed that both null alleles, like rad22-d, have increased ability to carry out NHEJ.
To further investigate NHEJ in rad22-d and rqh1-d, we studied the effect of different types of DNA ends. Both strains also have increased transformation efficiencies with PstI-and SmaI-digested DNA (data not shown). Gel electrophoresis and DNA sequence analysis of plasmids rescued from the rad22-d and rqh1-d alleles transformed with PstI-or SmaI-digested DNA indicated that the majority of plasmids had deletions (Table 3) .
Relationship between Rad22, Rqh1 and Rhp9
The fact that rad22-d, rqh1-d and rhp9-d have similar phenotypes with respect to NHEJ may suggest that they are epistatic. In order to investigate this we set up three crosses to investigate the phenotypes of double mutants. The rhp9,rqh1 double mutant is more sensitive to both UV and ionising radiation than either of the single mutants (data not shown). The rqh1,rad22 double mutant germinated but had a severe growth defect and was unable to grow in liquid medium and the rhp9,rad22 double mutant germinated but did not grow further than the 8-16 cell stage. These results imply that the three genes function in different pathways.
Telomere length is reduced in the rad32, rhp9 and rqh1 null alleles
In S.cerevisiae telomere length has been shown to be reduced in mutants defective in NHEJ (8, 47) . We therefore wished to determine whether the rad32-d, rhp9-d, rqh1-d and rad22-d alleles affect telomere length. This was investigated by Southern analysis of DNA from several different S.pombe mutant strains. As controls we used sp.011 (Fig. 1, lanes 1 and 11) and the checkpoint null allele of rad3 (Fig. 1, lanes 2 and 10) , which has previously been shown to have short telomeres (48 Fig. 1, lane 6) , suggesting that either the ApaI site has been lost in this mutant or that the fragments are too small or too dispersed to be detected by Southern analysis. Analysis of telomeres in the rad32 mutants with point mutations in the phosphoesterase motifs, rad32-D25N and rad32-D125N, indicated that in both cases, telomere length is similar to that observed in the wild-type control (data not shown).
DISCUSSION
Repair of complementary DNA ends has been shown to occur by an accurate, error-free mechanism in S.cerevisiae and vertebrates (see for example 11, 15) . Our results presented here indicate that in S.pombe the major mechanism for the repair of complementary DNA ends is via an error-prone mechanism which results in deletion of 1-22 nt at the junction. Error-prone end joining events have been shown in other organisms to occur via SSA (involving regions of homology of at least 60-90 nt) or through annealing of DNA sequences containing microhomologies (1-5 nt) resulting in additions or deletions. Analysis of the junction sequences produced in wild-type S.pombe cells indicates deletion of sequence in the majority of cases and that addition of nucleotides occurs very rarely. As expected, we do not see joining via a SSA mechanism, since the plasmid does not contain sufficiently long stretches of repeated sequence. In 8/12 of the junctions shown in Table 4 joining has occurred at sites where there are one to two identical nucleotides at the ends of the DNA being joined, suggesting that joining may be occurring via annealing at sites of microhomology. However, with EcoRI-and PstI-digested DNA there are already regions of microhomology in the form of the complementary DNA ends which are not used in the repair process, perhaps suggesting that the major DNA end joining mechanism in this organism requires a nucleolytic processing event.
We also find that in wild-type cells the repair of blunt ends occurs almost as efficiently as the repair of complementary ends, which contrasts with observations in S.cerevisiae. This may again reflect the need for nucleolytic processing prior to end joining, since this would convert the blunt ends to overhanging ends. Consequently, the repair efficiency would be similar to that observed following transformation with DNA with 5'-or 3'-overhanging ends.
The rad32 null allele has reduced ability to repair all types of ends, as demonstrated by reduced transformation efficiencies and strikingly, unlike wild-type cells, repair of 5'-overhanging and blunt ends does not result in deletions. The accurate end joining in the rad32 deletion strain does not represent a subset of the events occurring in wild-type cells, since accurate repair is not observed, even at this reduced frequency, in wild-type cells. Two possible explanations may account for this phenomenon. The first is that wild-type cells contain two alternative end joining processes, one accurate and one inaccurate. In wild-type cells the inaccurate process requiring Rad32 would predominate over the accurate process which is uncovered in the rad32 null allele. The second, more likely, explanation is that the loss of Rad32 in the null allele results in an alteration in the normal end joining activity due to the absence of a nuclease activity. Thus at least two roles for the Rad32 protein in DNA end joining are suggested, one being required for the efficiency of joining while the other is required to process 5'-overhanging and blunt termini. The Mre11 proteins of S.cerevisiae and humans and the E.coli homologue SbcD have been shown to have 5'→3' exonuclease activity in vivo (49) (50) (51) (52) (53) . Site-directed mutagenesis of the conserved phosphoesterase motifs in S.cerevisiae Mre11 has shown that these motifs are required for this nuclease activity (51, 52) . The high level of homology between Mre11 proteins and Rad32, particularly in the phosphoesterase motifs, suggests that Rad32 may also have 5'→3' exonuclease activity, although this has not yet been demonstrated. The lack of processing of 5'-overhanging and blunt termini may therefore be due to the loss of the Rad32 nuclease activity. However, our results obtained with the rad32-D25N and rad32-D135N mutants indicate that the phosphoesterase motifs are not required for DNA end processing, suggesting that for DNA end joining, the Rad32 protein may have a structural role as part of a complex which recruits other nucleases and does not itself act as a nuclease. A similar observation has been made recently with a phosphoesterase mutant of mre11, which is not affected in NHEJ activity (52) .
In contrast to rad32-d, the rad22-d, rhp9-d and rqh1-d alleles demonstrated increased transformation frequencies with linear plasmids, suggesting that one of the functions of (30) . The rqh1-d null allele has been shown to undergo increased homologous recombination after S phase arrest (54) . Mutations in related genes in S.cerevisiae and humans (SGS1 and BLM, respectively) also show increased levels of recombination (55, 56) , however, deletion of the SGS1 gene had little effect on NHEJ in S.cerevisiae (8) . The rhp9/crb2 gene, which is related to the S.cerevisiae RAD9 gene and contains two BRCT domains, is required for the chk1-dependent DNA damage checkpoint (39, 46) . Although the function of the protein is unknown, we have shown that it is also required for an event associated with recovery from S phase arrest (39) .
Saccharomyces cerevisiae mutants with altered ability to undergo NHEJ are also defective in telomere length maintenance. We show here that rad32-d, rqh1-d, rad22-d and rhp9-d all have reduced telomeres. The correlation between reduced NHEJ activity and telomere length in rad32-d is similar to that observed with the S.cerevisiae mre11 null allele (8) . The reason for our inability to detect telomere sequences in rad22-d is not clear. Recent studies on telomerase mutants have shown that S.pombe chromosomes can circularise so that cells retain viability (57) . It is possible that this is what is happening in the rad22-d disruption allele, due to increased illegitimate recombination.
We have shown here that telomere length in rqh1-d is very slightly shorter than in wild-type cells. Interestingly, cells from Werner's syndrome patients (defective in WRN, another member of this helicase family) but not BLM cells (from Bloom's syndrome patients) also show shortened telomeres (58) . In rhp9-d cells, telomere length is reduced to a size intermediate between rqh1-d and rad3-d. In this respect it is interesting to note that only a subset of the DNA structuredependent checkpoint mutants (rad1, rad3, rad17 and rad26, but not hus1, chk1 and cds1) are defective in telomere length maintenance (48) . This suggests that the role of rhp9/crb2 in telomere length maintenance is independent of chk1 and may be the same as the rhp9/crb2 function that is required for recovery from S phase arrest.
In conclusion, deletion or disruption of any of the rad32, rad22, rqh1 or rhp9/crb2 genes affects both NHEJ and telomere length in S.pombe. The phenotypes of single and double mutants suggest that these proteins are required in different processes, perhaps providing several alternative methods for the cell to deal with DSBs. Further work on the individual proteins will be required to establish the role of each protein and the relationship of the processes in which they are involved.
